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INTRODUCTION.
The initial step of all photocatalytic processes promoted by semiconductor materials involves the absorption of a photon of energy ≥ E g (bandgap), which promotes an electron from its valence band (VB) to the conduction band (CB). This generates an electron (e -) in the CB and leaves behind a hole (h + ) in the VB [1, 2] . The former can act as a reductant and the latter as an oxidant in the different photocatalytic and photosynthetic processes being considered, e.g. water splitting
to hydrogen and oxygen [3, 4] , pollutant oxidation [5, 6] or aqueous phase reforming of organic compounds [7, 8] . TiO 2 is the ubiquitous photocatalyst due to its low cost, bio-compatibility, its chemical and biochemical stability and its interesting photocatalytic activity [9, 10] .
One of the major limitations associated with the use of TiO 2 for solar driven photocatalysis is that the E g of pure anatase TiO 2 (3.2 eV) is too large for visible light to promote an electron from the valance band to the conduction band [4] . In effect, this limits the use of TiO 2 as a photocatalyst to only harvesting the UV component of the terrestrially available sunlight. Since the majority of solar radiation incident on the surface of the planet has insufficient energy to initiate TiO 2 photocatalysis, the efficiency of such solar-driven processes is significantly compromised.
One way to counter this limitation and shift absorbance into the visible region of the solar spectrum is to alter the bandgap of TiO 2 through selective doping. A wide variety of dopants have been studied including both metallic and non-metallic elements [11] [12] [13] [14] [15] [16] [17] [18] [19] [20] [21] [22] [23] [24] . Doping of TiO 2 with non-metals (specifically C and N) has attracted significant attention [11, 12, 14, 15, 17-19, 21, 23-25] . Co-doping of C and N has also been investigated [12] . There are several reports combining the two approaches i.e. metal and non-metal ions co-doped TiO 2 photocatalysts, e.g.
co-doping with nitrogen and various metal ions, has been studied [26, 27] , and to a lesser extent carbon and tungsten co-doping [28] .
In this work we have prepared and characterised a series of carbon-doped, tungsten doped and carbon -tungsten co-doped TiO 2 catalysts. The preparations have involved sol-gel procedures using TiCl 4 and tungstic acid precursors in which the carbon source has been a melamine borate salt added to the preparation mixture. Melamine salts have been chosen as the source of the carbon dopant due to the fact that their deep oxidation requires relatively high temperatures.
Thus, following the formation of TiO 2 from calcination of the sol-gel derived precursor, dopant amounts of carbon can remain within the lattice. The formation of the materials during calcination has been studied using TGA with residual gas analysis while the textural properties of the final powders have been characterized using N 2 physisorption. Their morphologies have been confirmed using XRD and Raman spectroscopy. The carbon levels within the samples has been analysed using elemental analysis while the nature of the carbon doping (near the surfaces of the TiO 2 particles) has been evaluated using XPS. The electronic properties of the materials have been monitored using Diffuse Reflectance UV-visible spectroscopy and their activities have been probed using a model photo-catalytic reaction and the results interpreted based on different reactions involving the photo-generated electrons and holes.
EXPERIMENTAL
Preparation of TiO 2 , C-doped TiO 2 and W, C-co-doped TiO 2 : TiO 2 and doped TiO 2 materials
were formed using hydrolysis of TiCl 4 (followed by condensation) to form the X 3 Ti-O-TiX 3 lattices (where X represents OH or -O-TiX 3 groups). In the case of C-doped catalysts the carbon was derived from melamine borate which was added to the mixture prior to hydrolysis. Tungsten doping was introduced through the addition of tungstic acid to the mixture.
In a typical synthesis of C-doped TiO 2 3.4 g of melamine borate (Budenheim, Germany) was dissolved in 0.5 L deionised water under constant stirring at room temperature. After 24 h, the solution was filtered through Whatman Grade 1 filter paper. 11 mL TiCl 4 (≥99.0% (AT), Fluka) was slowly dissolved in 1.5 L of deionised water at 2 -4 ºC. To this solution, various aliquots (3.5 mL, 7 mL and 14 mL) of melamine borate solution were added and stirred for 30 minutes.
Nominally (assuming all carbon added remains in the final prepared material), this represents C doping at levels of 1 %, 2 % and 4 % respectively (see below). A 2.5 M solution of ammonium hydroxide (made through dilution of a 26 % solution, Riedel-de Haen, Germany) was added drop-wise until pH 5 was reached. This resulted in precipitation of the TiO 2 precursor from the solution. The precipitate obtained was allowed to settle overnight before being filtered through Whatman Grade 1 filter paper and washed repeatedly with warm de-ionised water (to eliminate Cl -from the solid). The removal of Cl -was confirmed using a standard AgNO 3 precipitation test.
The solid was then dried at 80 ºC overnight. The resultant material was ground into fine powder and calcined at 400 °C for various lengths of time (1 h, 3 h, 15 h, etc.).
The nominal levels of doped C mentioned above assume that all the carbon in the melamine borate remains in the material following calcination. Obviously this is not the case as significant portions are removed during the calcination step or remain in the supernatant fluid as the precatalyst material crystallises from solution. The actual levels of C remaining within or upon the materials were determined using microanalysis. The final products were yellow powders.
Similarly, a series of W-doped catalysts was prepared using different concentrations of tungstic acid (99 %, Aldrich) within the precipitating mixture [16] . The co-doped TiO 2 materials were synthesized following the addition of both tungstic acid and melamine borate to the mixture. 1 %, 5 % and 10 % W-TiO 2 (mass %) were produced. The W containing material was dried at 80 °C overnight and then ground to a fine powder before being calcined for 15 hours at 400 °C. The materials produced were again yellow in colour.
Analysis of the calcination process:
A Hiden analytical HPR20-QIC atmospheric gas analysis system coupled to a thermogravimetric analyzer (TA Instruments, TGA 500) was used in the analysis of the material calcination steps. The dried pre-catalysts were held in a flow of air (100 mL min -1 ) and while the temperature was raised using a linear rate of increase (20 °C min -1 ) the exit gas was continuously analysed by mass spectrometry. Profiles of the evolved CO 2 , NO and H 2 O were recorded as a function of temperature. Typically, an aliquot of 50 mg of the dried precursor was loaded onto a balance within the TGA. The sample was held in a flow of air at room temperature for 1 h. The temperature was then ramped at a rate of 20 °C min -1 to 400 °C and held at this temperature for 1 h (to mimic the calcination process) or ramped 20 °C min -1 up to 1000 °C (to analyse the material following calcination). The temperature of removal and the extent of removal (through combustion) of the various carbon-containing species present in the materials both during and following calcination were monitored in this way.
Catalyst characterisations: Diffuse Reflectance UV-vis spectroscopy (DRS) was carried out using an Analytik Jena Specord 210 spectrometer equipped with an integrating sphere attachment for measurement of spectra from powder samples. Band gaps were estimated by drawing a tangent to the high-energy feature and approximating a bandgap energy from the wavelength at which the tangent intercepts a line with an absorbance value of zero. Raman spectra were obtained using a SENTERRA Dispersive Raman Microscope (Bruker Optics) with a 785 nm laser. Powder XRD patterns were collected using a Siemens D500 Kristalloflex using 2 physisorption isotherms were collected on a Quantachrome Nova 2000e.
X-ray Photoelectron Spectroscopy (XPS) was carried out with a Kratos AXIS 165 spectrometer using a monochromatic X-ray source (Al Kα 1486.58 eV). Elemental analysis was performed using various techniques: C, H, N analysis was carried out with a CE-440 elemental analyser (Exeter Analytical, Inc.) using thermal conductivity detection for measurement following combustion and reduction. Cl -analysis was performed using Oxygen flask combustion followed by filtration. W analysis and further Cl -analysis was carried out using EDX with a FEI Quanta analysis (Shimadzu TOC V-CPH).
RESULTS AND DISCUSSION
In most doped photocatalyst studies, there is an uncertainty as to whether the dopant is truly in a doped state and, when truly doped, whether it resides preferentially in the TiO 2 bulk or on the surface. Depending on these variations the photocatalytic reaction mechanisms would show changes. Therefore, the levels of dopants were analysed by both elemental analysis and XPS, in attempts to differentiate whether all the carbon found in the sample is of a doped nature and whether they are selectively enriched on the surface with respect to the bulk. The XPS measurements (see later), besides providing solely the surface concentration, is also able to give an insight into the nature of the carbon species located on the surface.
In all cases (for doped and undoped samples) elemental analysis shows that the total levels of carbon in the samples is between 0.01 and 0.03%. There is no relationship between the amount of melamine salt used in the preparation and the eventual measured concentration of C in the material, i.e. C-TiO 2 materials showed similar levels of carbon content irrespective of the levels of melamine borate added initially to the preparation mixture and similar levels of carbon were noted on samples that nominally were un-doped. This suggests that the concentrations of surface carbon, including carbonate on the materials, e.g. arising from adsorption of CO 2 , are significantly higher than the levels of carbon dopants incorporated in the bulk. However, as noted by XPS (see later) the nature and dispersion of carbon on the doped samples differs from that in the un-doped samples. Thermogravimetric-Mass spectrometry (TGA-MS) analysis was carried out on the catalyst precursor to mimic the calcination of the material. The precipitate from a C-TiO 2 preparation (with a nominal 4% C-doping) was heated up to 400 °C in air. These TGA and evolved gas This confirms that significant amounts of melamine are still present in the precipitated material and large amounts of these are removed from the catalyst during calcination.
Figure 1(c) shows the results of a TGA carried out on a catalyst which had previously been calcined at 400 °C for 1 h. An approximate 2 % weight change is observed at temperatures lower than 400 °C. This presumably is due to the removal of adsorbed or condensed species on the surface. A further weight change is observed at higher temperature (600 -800 °C) which may be attributable to removal of the carbon dopant and / or oxygen loss resulting in the formation of Magnéli phase TiO 2-x sub-oxides [29] . No CO 2 was observed in the exit gas concurrent with this peak (although any CO 2 formed from the combustion of the small amounts of dopants would be difficult to detect under these conditions). Following the thermal treatment the catalyst acquired a light grey colour. [30] . After a 3 h calcination step this peak disappears (see Figure 2 ). profiles collected from C, W co-doped materials are shown in Figure 3 . In the case of the solely Woration has been reported to retard the transition from anatase to rutile [31, 32] and our result seems to contradict this observation. Peaks relating to the rutile phase are however absent in the co-doped materials. The crystallite particle size, as calculated using the Scherrer equation [33] applied to the XRD peak (101) at 2θ = ~25 °, (with shape factor K = 0.94), and surface area of the various photocatalysts, as determined using BET, are summarised in table 2. As expected, an increase in calcination time of the C-TiO 2 materials from 1 h to 3 h resulted in an increase in crystalline particle size approximately from 6 to 10 nm due to greater sintering of the material.
Increasing the concentration of melamine used during preparation also slightly affected the crystalline particle size of the C-TiO 2 materials. Materials with nominally 4% C which had been calcined for 3 h had particle sizes of approx. 9 nm while those with lower nominal [C] were slightly larger, with particle sizes of approx. 10 nm. This may be due to dissimilar boundaries created by carbon doping [34] resulting in slower rates of crystal growth and hence smaller crystallite size when the heating is prolonged for a longer time. nominal levels of W dopant from 1 to 10 % also resulted in a decrease in particle size from approximately 8 to 6 nm and an increase in surface area.
Particle size and surface area measurements of the co-doped materials, in general, showed little change with increased levels of melamine borate used in the preparation mixture, but did display a slight decrease in crystallite size upon increased incorporation of W dopant. Again, surface areas increased with decreased particle size. Figure 4 shows the UV-Vis Diffuse Reflectance Spectra (DRS) for the prepared samples using the spectrum of Degussa P25 TiO 2 as a reference profile. The absorption onset of the doped materials (which are yellow) is pushed further towards the visible region compared to P25
(which is white). Absorption onsets were used to estimate the bandgaps of the various materials and these are reported in Table 1 using the equation E g = hc/λ, where E g is the band gap energy (J), h is Planck's constant, c is the velocity of light, and λ is the wavelength (m) of absorption onset [12] . The C 1s regions of the XPS profiles were studied for both the doped and un-doped P25 TiO 2 .
Initially three peaks were seen at binding energies of 284. [18, 34, [38] [39] [40] . These peaks were found to be present in both the doped and un-doped samples and must simply be related to carbon contaminants on the surface of the samples. We therefore cannot derive any conclusions on the existence of doping from the binding energies of the electrons related to these C 1s core levels.
XPS analysis of the C-doped and un-doped samples was then carried out after sputtering samples The carbon dopant concentration, as measured using XPS, was determined from the intensity of the carbide C 1s peak at 282.1 eV. The un-doped TiO 2 (after sputtering for 8 min. with low energy Ar ions (2 keV)) contained 0 atom % carbon while the doped TiO 2 material studied contained 0.5 atom % carbon. Total surface carbon content including adventitious surface adsorbed elemental carbon and carbonate species (before sputtering) as measured using XPS was naturally higher again (25.6 atom % for the un-doped and 27 atom % for the C-doped material).
This measured carbon levels (0.5 atom % (or 0.225 mass %)) for the sputtered TiO 2 materials suggests that there is surface enrichment of carbon on these samples as the elemental analysis results showed only 0.03 mass % carbon in the entirety of this particular sample. There were also two peaks observed in the O 1s region relating to oxide and hydroxyl oxygen.
The O 1s binding energies for the C-doped samples, when compared to the O 1s binding energies of un-doped P25 (Degussa), also displayed a slight shift. This was from 529.6 eV in the undoped TiO 2 materials to 529.9 eV in the doped sample, and from 530.9 in the un-doped to 531.5 in the doped sample. Again, this may indicate lattice distortion upon doping.
The tungsten containing materials displayed two peaks in the W 4d region relating to ejection of electrons from W 4d 5/2 and W 4d 3/2 levels at 247.2 and 259.7 eV (see supporting information figure S1) and a peak at 36.6 eV due to electron ejection from the W 4f level These readings are consistent with literature reports on tungsten doped TiO 2 [27, 45] .
Furthermore, the N 1s and B 1s regions of the XPS spectra were studied to investigate the possibility of N and B present as additional dopants from the melamine borate. Neither N 1s peaks (~ 400 eV) nor B 1s peaks (~190 eV) were observed (see supporting information figure S2 and S3 respectively). This shows (perhaps surprisingly), that, despite the high N content in melamine (and the NH 4 OH used during the preparation), that little or no N was incorporated into the TiO 2 as a dopant. It is evident that during the solution processing and the subsequent washing, filtering and calcination steps, these elements are removed as side-products.
These results contrast somewhat with those in recent literature reports where Kisch et al. [46] investigated the nature of N-doped/modified TiO 2 formed from urea or melamine. They found that a key step in the formation N-doped/modified TiO 2 from this precursor was the TiO 2 catalysed formation of melamine, followed by various self-condensations to form a mixture of oligo-nuclear aromatic amines. This was followed by further condensation between the triazine amino groups of these molecules and surface hydroxyl species on TiO 2 to generate Ti-N bonds.
These materials then showed activity in promotion of the photo-decomposition of formic acid under visible light irradiation. The authors suggest that neither nitridic species, nor NO x species, nor TiO 2 defect states are responsible for this reactivity, but rather melamine condensation products acting as visible-light sensitizers.
The authors clearly show N-doping of their TiO 2 materials when using melamine as a dopant, in contrast to the results shown here (where only C-doping is observed). However there are several differences in the synthesis procedures used in the preparation of our materials and those of Kisch et al. [46] . Firstly, in [46] the levels of melamine used were significantly higher in their case (with catalyst:melamine ratios of 1:2) compared to our case where we would have a vast excess of TiO 2 precursor compared to organic material. Secondly, and more importantly, Kisch's materials were produced by grinding pre-formed TiO 2 with urea or melamine/melamine derivatives followed by calcination. The melamine (or melamine condensation products) are attached to the surface of the TiO 2 through condensation with surface hydroxyl groups. The materials prepared here are produced by introducing melamine into the pre-TiO 2 sol (via a melamine borate solution) before hydrolysis and condensation of the sol to form TiO 2 . Any melamine not incorporated into the pre-TiO 2 lattice is removed via washing and filtration before drying and calcination. There is no opportunity for high levels of the surface condensation reactions seen in [46] . Table 1 ). The photocatalytic degradation process is reportedly heavily influenced by morphology, phase, chemical composition and particle size [50] [51] [52] [53] . The smaller crystalline particle size and increased surface area of the material calcined only for 1 h appear to have enhanced the photocatalytic activity. Furthermore, even though neither TiO 2 nor Chlorophenol (CP) absorb visible light it has been reported that the TiO 2 -CP ads system has charge transfer bands that can absorb such radiation [54] [55] [56] [57] . Kim and Choi have shown that charge carriers can be generated from the excitation of these charge transfer states and that there remains the possibility for a variety of photochemistries to result from reaction of these charge carriers. Gray et al. [55, 56] have demonstrated visible light activity for the reaction of a range of chlorophenols following excitation of these charge transfer bands. These authors have also pointed out that full mineralisation of the adsorbed species requires UV light (since the CT complex is destroyed by the first electron transfer step) but that the initial degradation (involving Cl -formation) can proceed using visible light. Of course this process would also operate in the doped catalysts. It is then evident that the initial intermediate oxidation product can undergo further solution-based homogeneous reactions involving free radicals.
As predicted by theoretical calculations [35] and as shown by UV-vis spectroscopy here (see Figure 4 (c)), the C, W co-doped material had an absorbance significantly shifted towards the visible region. However, despite the enhanced optical properties of the W-doped and co-doped TiO 2 catalysts, these were considerably poorer photo-oxidation catalysts (see Figure 4 (c)) compared to C-TiO 2 materials. This may be due to W cations acting as electron hole recombination centres due to the introduction of isolated localized d states below the conduction band [58] [59] [60] .
Recently, co-doping of TiO 2 has been reported to passivate localised defect bands that may be present in mono-doped TiO 2 such that they no longer act as recombination centres [61] . Codoping carbon and tungsten has been reported to yield such a passivation effect in comparison to singly doped tungsten or carbon TiO 2 . This reported passivation is due to the formation of a C 2p -W 5d hybridized band [35] when dopants are located near one other (as the nearest neighbour or the second nearest neighbour). This strengthens hybridization between C 2p and O 2p resulting in a fully occupied band of higher energy than the top of the valence band edge and at the same time forms a continuum-like band between the conduction band and tungsten dopant d states below. This should result in enhanced photocatalytic activity in co-doped (as compared to singly doped) materials due to improved charge carrier mobility and reduced electron hole recombination. There may be some evidence of passivation of this effect by the carbon as the codoped C,W-TiO 2 performs better than singly doped W-TiO 2 . However, the activity of the codoped sample is still lower than that of singly doped C-TiO 2 .
This discrepancy between the predicted and observed behaviour may simply be due the locations of the dopants situated further from one other in the lattice and the presence of relatively low levels of carbon dopant (it was also reported that when the carbon and tungsten dopants are far from each other in the lattice the passivation effect should no longer exist [35] ).
Therefore, it seems there are sufficient levels of carbon and tungsten to increase absorbance towards the visible region but insufficient carbon located near the tungsten dopant to passivate recombination effects due to tungsten incorporation. Overall this results in a net decreased photocatalytic activity.
This result confirms that the performance of a material as a solar photocatalyst is not a function of solely the ability of the material to absorb light in the visible region of the spectrum. Other factors are also important such as the crystallinity and particle size of the material and the ability of the material to retard the electron-hole recombination process [50] [51] [52] [53] [58] [59] [60] .
Many reported photocatalytic studies have repeatedly shown that the enhanced visible light absorption observed in the UV-vis spectra of catalysts does not translate into increased visible light induced photocatalytic activity. This, in fact, has stagnated this field of research for more than a decade. Most reported studies, involving doped TiO 2 photocatalysts, propose that the observed red-shift in light absorption is caused by a narrowing of the band gap of pristine TiO 2 or due to the appearance of intragap localized states of the dopants, without considering the possibility of forming colour centres that absorb in the visible light spectral region, as recently
shown by Kuznetsov and Serpone [25, 62] . In the present study, the XPS data shows clearly that doping definitely occurs in the TiO 2 lattice. This is also well reflected in the increased chlorophenol photocatalytic oxidation activity of C-TiO 2 noted under visible light irradiation. On the other hand, such beneficial effects are totally absent with the W and C, W co-doped TiO 2 , despite the noticeable redshifts observed in their absorption spectra. The beneficial effect of Cdoped samples under solely visible irradiation cannot be the result of any inadvertant UV photon entry into the system as such a process would also have improved the activity of the W and W and C co-doped samples. Also, the theoretically predicted advantage for photocatalysis [35] was not evident with these doped samples despite the effect of doping clearly being seen in the XPS spectra. These aspects need to be clarified for photocatalysis to be properly understood.
Based on our results, it is logical to conclude that a significant fraction of the spectral red-shift commonly observed with doped catalysts might be due to formation of colour centres as a result of defects associated with oxygen vacancies. However, even though bandgap related narrowing or intragap localization of dopant levels are possible; it seems these are not the major factors responsible for enhanced visible light absorption as commonly reported in this field of research.
This also throws light onto the insensitivity of the calculated bandgap values reported in Table 1 (based on spectral absorption thresholds) to the degree of dopant concentration for the various catalysts studied here.
Photocatalytic activity experiments were also carried out under the 'full Sun' conditions (i.e. in the absence of a UV filter where the reaction vessels were exposed to the full AM1.5G spectrum). Again the photocatalytic degradation of 4-chlorophenol in the presence of the photocatalysts was investigated using TOC measurements. Figure 8 shows the degradation versus time profiles for the photocatalytic oxidation of chlorophenol (determined using TOC analysis) under UV plus visible light. All the materials studied were more active under the "full Sun" conditions than they were under the "visible light generated when UV light is available to cause excitation. The order of catalytic activity however differs. Under these conditions P25 TiO 2 degrades all of the chlorophenol within two hours. CTiO 2 (calcined for 1 hr) while the most active powder in the visible-light experiments (see Figure   7 ), takes over four hours to complete the total breakdown of the same levels of chlorophenol. (ii) indirectly via OH . radical reactions where the radicals are formed from O 2 -species which are generated from the reduction of dissolved O 2 using the promoted electron [63] (as in the reactions shown below). Under full sun conditions the un-doped TiO 2 performs better than our carbon doped TiO 2 materials despite more photons being available for electron promotion (and reaction initiation) in the latter catalyst. This indicates that the holes formed in the VB of un-doped TiO 2 are more active than those generated in the dopant related orbitals and it can be assumed that this in turn relates to the greater driving force (due to the differences in their respective redox levels) involved in neutralizing the VB holes.
Another possible reason for the lower activity of the doped materials may relate to the relative energetics of the holes formed in dopant related energy levels and the required potential for the formation of OH radicals from hydroxide anions. If these holes arise in the mid gap state in the doped TiO 2 they may exist at oxidation potentials higher than that of the OH radical formation potential (OH -/OH . = 1.9 V NHE). If the holes are not energetic enough to extract electrons from OH -then the generation of these OH radicals will be retarded and one route for 4-CP degradation will be restricted. In an example of this Park et al. [18] have reported that, following carbon doping, the mid gap level lies somewhere between 1.9 and 1.4 V since they note this effect in the oxidation of 4-CP (1.9 V) with C-doped samples but less of an effect in I -oxidation (where a potential of only 1.4 V is required).
In carbon doped TiO 2 if the mid gap energy state induced by doping lies at a higher oxidation potential than the OH radical formation potential, then the doped material, despite being able to absorb more photons, will not form OH radicals and promote indirect degradation of the 4-CP.
These holes will however still degrade 4-CP via direct oxidation as the 4-CP oxidation potential (0.8 V versus NHE) still lies above the mid gap state.
Any advantage derived from being doped (and thus being able to absorb more photons of lesser energy to promote an electron) is negated by the positioning of the mid gap energy state in relation the OH radical formation potential and in effect the reaction proceeds mostly via interactions involving O 2 -which is generated in the reductive half reactions.
In our situation this route is not expected to wield a considerable effect on reactivity since the photocatalytic reactions initially have a pH of 6 (from 4-chlorophenol) and this will fall as mineralisation progresses (due to the release of HCl). This would result in low concentrations of free OH -and a low rate of OH radical formation from OH -oxidation.
There is now a general agreement that N-doping need not result in a shift of the VB edge (i.e. a shift in the O 2p states), create more or less localized N 2p states whose energies are located within the bandgap. Our results with C-doped catalysts also indicate that the doped sites, despite improving the visible light absorption characteristics, are not directly involved in the phocatalytic decomposition of surface adsorbed organics, and most of the resulting photocatalysis occurs through O 2 -related solution reactions. [64] [65] [66] [67] [68] [69] Another critical point is that typically C doping leads to extremely low concentrations of C in the structure. We cannot assume that this concentration is sufficient to raise the bulk valence-band level by >0.5 eV and it is more likely that we are simply adding discrete energy levels at energies somewhat above the upper edge of the valance band. If this is the case, and holes generated within these energy levels are not suitable for the production of hydroxyl radicals from hydroxide ions then one major route towards organic degradation is adversely affected.
In any case, it should be noted that in practical applications of photocatalysis, light irradiation is often used to produce only the initial molecular breakdown to biodegradable fragments and the subsequent total mineralisations are often carried out by relatively less expensive biological processes. This study shows that visible light active C-doped photocatalysts prepared through the melamine borate method can perform the initial molecular fragmentation of pollutants (30 % TOC removal in 120 minutes and even up to 71% TOC removal in 300 minutes) using relatively cheaper and more energy efficient visible lamps, such as LEDs (with lifetimes of 10,000 hours), which require very low running costs. Furthermore, their use in gas phase depollution of odour causing vapours in indoor conditions is a clear possibility [70] .
CONCLUSIONS
Carbon doped TiO 2 photocatalysts were reproducibly formed using an inexpensive and facile altered sol-gel preparation method with melamine borate as an external source of carbon dopant.
The materials (which did not contain either N or B dopants) have been shown by XPS to contain carbon substitutionally doped into the TiO 2 lattice. The carbon doped TiO 2 has shown improved optical absorbance and photocatalytic activity under visible light compared to un-doped TiO 2 and Degussa P25. Carbon and tungsten co-doped materials have also been formed using this novel carbon doping approach combined with a well-known tungsten doping method [16] .
The addition of tungsten improved the optical absorbance properties of the materials in accordance with reported theoretical calculations, but did not enhance their photocatalytic activity as expected from the theoretical models. This is thought to be mainly due to the effects of recombination of electron-hole pairs at the tungsten metal ion centers. A significant faction of the enhanced red-shifted light absorption is also thought to arise from colour centers associated with oxygen defects in the doped TiO 2 lattice. For further progress in visible light induced photocatalysis to be made, it will be necessary to understand the individual contributions towards spectral red-shifts arising from bandgap alterations and the formation of oxygen defect based colour centres respectively.
The activity under whole sun conditions of the materials (while being higher than the activity in visible light only conditions) is lower than that of P25 suggesting a greater driving force for neutralisation of VB holes than for neutralisation of dopant level holes. Furthermore, the holes formed following absorbance of lower energy photons are in localised energy levels within the bandgap and these energies are not sufficient to generate active hydroxyl species. It would not be expected that this constitutes a significant route of reaction. region of the spectrum (peaks would be expected between 185 and 192 eV).
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